Abstract. The relative contributions of quasi-periodic oscillations from 2 to 35 days to the variability of f o F2 at middle northern latitudes between 42°N and 60°N are investigated. The f o F2 hourly data for the whole solar cycle 21 (1976±1986) for four European ionospheric stations Rome (41.9°N, 12.5°E), Poitiers (46.5°N, 0.3°E), Kaliningrad (54.7°N, 20.6°E) and Uppsala (59.8°N, 17.6°E) are used for analysis. The relative contributions of dierent periodic bands due to planetary wave activity and solar¯ux variations are evaluated by integrated percent contributions of spectral energy for these bands. The observations suggest that a clearly expressed seasonal variation of percent contributions exists with maximum at summer solstice and minimum at winter solstice for all periodic bands. The contributions for summer increase when the latitude increases. The contributions are modulated by the solar cycle and simultaneously in¯uenced by the long-term geomagnetic activity variations. The greater percentage of spectral energy between 2 to 35 days is contributed by the periodic bands related to the middle atmosphere planetary wave activity.
Introduction
The existence and persistence of quasi-periodic oscillations with periods from 2 to 35 days, that play an important role in the variability of the ionospheric parameters, are found in many investigations. Some of these oscillations have characteristics of planetary waves, which have been observed in the stratosphere and mesosphere and theoretically predicted as free Rossby modes (Salby, 1984) . Westward travelling quasi-2-day oscillations are detected in the electron density variations of the lower and upper ionosphere (Pancheva,1988; Pancheva et al., 1994) and a connection with the analogous variations in the mesospheric and lower thermospheric wind and temperature structures has been shown. Chen (1992) reports a quasi-2-day modulation of the equatorial F-region anomaly. Fiveday oscillations in the lower ionosphere (Fraser, 1977) and in the upper ionosphere (Apostolov et al., 1994) have been observed. Forbes and Leveroni (1992) reported a quasi-16-day oscillation in the E and F regions of the equatorial ionosphere.
Important periodicities, close to 2.5, 3, 6, 7, 9, 10±11 and 16-days, have been found in the equatorial electrojet variations during 1979 (Parish et al., 1994) . The authors suggest that these oscillations have characteristics of planetary waves which can frequently propagate in the lower ionosphere and thermosphere. The periodic variations between 20 and 35 days are caused mainly by solar¯ux variations and those between 10 and 20 days can be due to a combination of planetary wave excitation and solar radiation. Dominant periods near 5, 10 and 16-days in the time variations of critical frequency f o F2 of the ionospheric F-layer, related to middle atmospheric planetary waves, for three European stations during 1979±1989 have been observed (Lastovicka and Mlch, 1996) .
The persistence of ten separate periodic bands, centred about a period of 2, 3, 5, 6.5, 9, 13.5, 18.6, 21.8, 27 .4 and 31.5 days were found in the temporal variations of f o F2 at northern middle latitudes during solar cycle 21 (Apostolov and Altadill, 1996) and the long-term variations (seasonal and solar cycle) of their oscillation characteristics were evaluated.
There is overlap between neighbouring bands in separate time intervals and, for longer time scales, the most pronounced quasi-periodic bands are those for 2± 3, 5±6, 9, 13±14, 18±19 and 28±30 days. These bands may be related with the analogous 2, 5, 10 and 16-day global middle atmosphere oscillations and with the direct solar ionization variations due to the solar rotation (27±29-days) and half solar rotation (13.5±14-days) periods. The amplitudes of these f o F2 quasiperiodic oscillations are characterized by a considerable variability for dierent time scales, but with certain regularity in the temporal variations related to seasons and long-term solar and geomagnetic activity variations. The oscillation amplitudes (also in Apostolov et al., 1994 Apostolov et al., , 1995 Altadill, 1996; Altadill et al., 1997) are larger at the equinoxes and lower at the solstices and they are modulated by the long-term geomagnetic variations and simultaneously in¯uenced by the solar activity variations. The maximum probability of occurrence (near 0.9±1) of f o F2 quasi-2-and 5-day oscillations is in summer half year and minimum (near 0.4) in the winter period (Apostolov et al., 1994 (Apostolov et al., , 1995 .
Several potential mechanisms have been proposed to explain the in¯uence of the more intensively studied planetary 2-day wave in the middle atmosphere on the arising of upper ionosphere quasi-2-day oscillations. Such mechanisms might contribute to the other planetary wave-type oscillations observed in the upper ionosphere. Pancheva and Lysenko (1988) propose that quasi-2-day oscillations in the electric current system induced by the 2-day wave in the meteor wind region (Ito et al., 1986 ) may produce such oscillation in the vertical plasma drift, which could generate the same oscillation in the F-region electron concentration. The model investigation by Mikhailov (1983) shows that if the variations of the vertical transport of the neutral constituents O and O 2 cover the entire lower thermosphere, then this leads to in-phase electron concentration variations in the ionospheric regions E and F 2 . The development of a quasi-2-day oscillation in the upper ionosphere can be induced by the forcing of such an oscillation in the mesosphere, linked to a particular region of the globe, with further independent development in the F-region (Apostolov et al., 1995) . Forbes et al. (1997) assume that the secondary excitation of the quasi-2-day wave due to modulated gravity wave momentum deposition in the E-region or amplitude modulation of upward propagating diurnal and semidiurnal tides can induce such an oscillation of electric ®elds in the dynamo altitudes.
The solar cycle and seasonal variations of the relative contributions of the main quasi-periodic oscillation bands from 2 to 35 days to the variability of f o F2 is the purpose of the present study.
Method of analysis and data
When estimating the relative in¯uence of arbitrary quasi-periodic oscillation it is usual to compare the amplitude of this oscillation, obtained as a maximum in the amplitude spectrum band, with the amplitude of other band or with the total variation of the investigated time series. The power of in¯uence is underestimated in this way, because the spectral energy is distributed in a series of spectral lines because of the variability of the oscillation period. The integrated content over amplitude spectral area for an arbitrary periodic band is more acceptable as a measure of the power of in¯uence for this band.
The relative contribution of the oscillations in an arbitrary periodic range to the total variations of data series can be quantitatively evaluated using the methodology described by Parish et al., (1994) and based on Parseval's relation. If xnY n ÀIY IY is the discrete time signal and x is the spectrum of the signal, the Parseval theorem
relates the total signal energy (left side of the equation) to its total spectral energy (right side), i.e. how the signal energy is distributed in frequency domain. The energy density spectrum j xj 2 is de®ned only for ®nite energy signals.
The quantitative evaluation of the contribution of the variations of an arbitrary periodic range to the total variation of the data series can be expressed as the percentage ratio of the signal energy in this periodic range to the total signal energy. According to Parseval's relation, the percentage ratio of the signal energy is equivalent to the percentage ratio of the spectral energy of this periodic range to the total spectral energy. The total spectral energy can be replaced by total spectral energy for an arbitrary periodic range from to i and we can estimate the percent contributions (PC) for arbitrary periodic bands from u to , within the periodic range from to i , to the total spectral energy for periodic range from to i .
The total spectral energy for the periodic range from to i can be calculated as a sum of squared amplitudes e obtained by a Fourier Transform and the integrated percent contributions for all periods lower than a given value i can be determined as
The percent contribution of spectral energy for arbitrary periodic band from u to to the total spectral energy for the range from to i is
where u` i .
For amplitude spectral estimates we use the procedure of correloperiodogram analysis, described in Vitinsky et al., (1986) , allowing us to obtain highresolution spectral estimates in the desired periodic range with an arbitrary small step.
In this study we use the f o F2 hourly data over Europe from Rome (41.9°N, 12.5°E), Poitiers (46.5°N, 0.3°E), Kaliningrad (54.7°N, 20.6°E) and Uppsala (59.8°N, 17°E) for the period 17 December 1975±15 January 1987. Each time series contains 97152 values. We chose as starting and ending dates, 17 December and 15 January respectively, because in the present study the moving spectra for intervals 4 or 2 months shifted by 1 month are used and in this way the intervals are centred to date 15 within the month. The few missing values are evaluated by an interpolation between the data of the preceding and following days at the same hour. The four stations lie latitudinally between 42°N and 60°N and the time interval considered covers the whole solar cycle 21. This enables the percent contributions of the quasi-periodic oscillations of f o F2 to be evaluated as a function of latitude and solar cycle and long-term geomagnetic activities.
Results
The dominant distribution of power spectral densities for the whole solar cycle by means of averaged periodograms has been obtained in order to illustrate the existence of the main periodic bands of the f o F2 quasi-periodic oscillations from 2 to 35 days. The averaged periodogram for each station has been calculated as a mean of 126 periodograms, where each periodogram is obtained for time interval of 2920 hours, equal to four mean-months duration, with a shift of 730 h (one mean-month duration) between successive time intervals. The periodograms have been calculated in the periodic range from 30 to 960 h, i.e. from 1.25 to 40 days, by a step of 0.2/960 h A1 in frequency domain. The size of the four-month interval is three times the 40-day period which ensures sucient statistical stability of the spectral estimates. Figure 1 shows the averaged periodograms for all stations. The relatively minor peaks occur near 2±3 and 19-day periods in all spectra and there are well expressed maxima close to 6, 9, 14 and 29 days. The periodic bands labelled here as 2.5, 6, 9, 14, 19 and 29-day are referred to periodic ranges with limits of preceding and following minima in the periodograms around these magnitude maxima ( Table 1 ).
Note that for the next evaluation of percent contributions of these bands and its temporal variations we have used the interval of 1460 h, equal to two meanmonths duration, shifted by 730 h (one mean-month duration), to calculate the moving spectra. We chose the interval of two months as an optimal variant between two opposite requirements. The statistical stability of spectral estimates and frequency resolution increase when the time interval increases, but decrease the temporal resolution when the moving spectral analysis is used to evaluate the time variations of spectral characteristics. Moreover, since the quasi-oscillations have a nonstationary character, an increase of interval size may produce an increasing ambiguity in the spectral estimates due to changes of oscillation period with time. ). In this way we can compare the relative contributions of dierent periodic bands (including daily variations and all bands from 2 to 35 days) to the total variations due to all the periods from 2 h to 35-days in the two-month interval. For each station, the averaged periodograms for the period 17 December 1975±15 January 1987 is obtained as a mean of 132 periodograms. The averaged periodograms are used to calculate the integrated percent contributions for all periods. The integrated percent contributions for the periods less than a given value between 2 h to 35 days for the whole solar cycle are presented in Fig. 2 . There are no signi®cant dierences between the integrated contributions for the four latitudinally separated locations. The integrated percent contribution for all periods from 2 to 35 days is 8% and the contribution due to the daily variation is 92%. The periodic range of daily variation is taken from 2 to 30 h. The percent contributions of diurnal (78%) and semidiurnal (8%) variations are clearly seen.
The integrated percent contributions are calculated also from the same periodograms separately for two month intervals centred to date 15 for January, March and June, as representative winter, equinoctial and summer months, for years of low (1976) and high (1979) solar activity (Fig. 3) . The integrated percent contribution of the periodic range from 2 to 35 days for June depends on the latitude and solar activity level. The contribution increases with latitude for high solar activity from 55% for Rome to 62% for Kaliningrad and Uppsala and from 10% (Rome) to 25% (Uppsala) for low solar activity. The contribution for high solar activity for March varies from 8% (Rome) to 15% (Uppsala) and for low activity from 5% to 10% respectively. There are no clearly expressed latitudinal and solar cycle dependencies for January, the mean contribution for periods from 2 to 35 days is near 2%±5%. been obtained by smoothing the annual variations with the 12-month running means with half weights of the ®rst and last months, i.e. by the well-known procedure for obtaining the R12.
The observations suggest that there is a clearly expressed seasonal variation of percent contributions with maximum at the summer solstice and minimum at the winter one for all periodic bands of the quasiperiodic oscillations and vice versa for the percent contributions of the daily variation. The percent contributions for summer half year for all quasi-periodic bands increases when the latitude increases. The decrease of percent contribution of daily variation for summer when the latitude increases is clearly seen also.
There is a solar cycle and long-term geomagnetic activity modulation of percent contribution variations, and this is especially well developed for the summer values. The enhanced percent contributions for 2.5-and 6-day periodic bands are for 1978 and 1982±1983, in the increasing and decreasing parts of the solar cycle, when the ®rst and second geomagnetic activity maxima exist. For the 9-day periodic band there is an enhancement of percent contributions in the years around solar activity maximum (1978±1983) and for 14-day band the higher value is in 1982. The percent contributions for the 19-day band are practically negligible during whole solar cycle, and for 29-day band they show a nearly uniform distribution except for the enhancements during 1979 and 1983.
The previous investigations (Apostolov and Altadill, 1996) concerning the existence and persistence of f o F2 quasi-periodic oscillations with periods from 2 to 35 days, as well as in the equatorial electrojet variations (Parish et al., 1994) , suggest that the oscillations, referred to here as 2.5-, 6-and 9-day periodic bands, may be interpreted in terms of middle atmosphere planetary wave in¯uence. The oscillations of 14-and 29-day periodic bands are related to solar¯ux variations. The origin of the 19-day periodic band is quite controversial. Forbes and Leveroni (1992) reported a quasi-16-day oscillation in the E-and F-regions of the equatorial ionosphere, connected to upward penetration of a free Rossby mode excited in the winter stratosphere. Parish et al. (1994) found quasi-periodic variations near 16-day with characteristics of planetary waves. The investigation by Altadill (1996) shows that the dominant period of this oscillation between 1970±1990 is near 18-day for lower, middle and upper ionosphere and suggests a possible solar in¯uence on this oscillation.
We separate the relative contributions of the main sources for the f o F2 variability, caused by quasi-periodic oscillations from 2 to 35 days, by summarizing the 86  86  86  86  84  84  84  84  82  82  82  82  80  80  80  80  78  78  78  78  76  76  76 percent contributions for 2.5-, 6-and 9-day bands for planetary wave activity and 14-and 29-day bands for solar¯ux variations. The percent contributions for the 19-day band have not been considered because they are negligible. The sums of percent contributions for periodic bands of 2.5-, 6-and 9-day (2.5±9 day) and of 14-and 29-day (14±29 day) are calculated from the data, presented in Fig. 4 . The results are displayed in Fig. 5 and provide a comparative evaluation of the contributions of quasi-periodic oscillations due to planetary wave activity (middle panel), solar¯ux variations (lower panel) and the contribution of the relatively stable daily variation (upper panel). The percent contributions for the three periodic bands of daily variation, planetary wave activity and solar¯ux variations, for the two extrema of annual variation (winter and summer solstices) for each of the four stations are given in Table 2 . The percent contributions for winter solstice are averaged for the whole period 1976±1986, because there are very weak solar cycle variations for each of the periodic bands. The contributions for summer solstice are averaged for the years of low (Rz < 50), mean (50 < Rz < 100) and high (Rz > 100) solar activity. From the results presented in Fig. 5 and Table 2 the next conclusions can be made.
The increase of the contributions of the daily variation for winter solstice and the decrease for summer one when the latitude increases are in accordance with the well-known equivalent f o F2 diurnal and semi-diurnal amplitude variations with latitude. The limits of decrease with latitude for the summer solstice decreases when the solar activity increases. This decrease for low solar activity varies from 87.5% (Rome) to 77.5% (Uppsala) and for high solar activity varies from 57.1% (Rome) to 39.5% (Uppsala).
The percent contributions of the quasi-periodic oscillations bands of planetary wave activity and solar ux variations for winter solstice are negligible, between 0.7% and 3.6%. Nevertheless, the contributions of planetary wave activity are 2±4 times higher than that of solar¯ux variations. The energy contributions for these two bands during the summer solstice have a clear tendency to increase when latitude increases. The percent contributions of planetary waves for low solar activity have a small superiority over those of solar¯ux variations, they are 1.5±2 times higher for high solar activity and 2.5±3 times higher for mean solar activity. The latter is due to the fact that during the years of mean solar activity are the two maxima of long-term geomagnetic activity and that the modulation eect of geomagnetic activity variations on the 2.5-and 6-day bands of planetary wave activity is signi®cant (see Fig. 4 and commentary).
The energy contributions for all quasi-periodic oscillations from 2 to 35 days for summer solstice are most signi®cant for the years of high solar activity. The integrated energy contribution for periods from 2 to 35 days averaged for the years of high solar activity (1979± 1982) is from 42.7% (Rome) to 59.2% (Uppsala).
Summary and conclusions
The energy contributions of dierent periodic bands of quasi-periodic oscillations from 2 to 35 days to the Rome (41.9 N) Poitiers ( 86  86  86  86  84  84  84  84  82  82  82  82  80  80  80  80  78  78  78  78  76  76  76 variability of f o F2 are found in the present study. Solar cycle and long-term geomagnetic variations as well as annual variations of the contributions for the four latitudinally separated locations from 42°N to 60°N are evaluated. The integrated percent contribution for periodic bands from 2.5-to 9-days of planetary wave activity, averaged for the whole solar cycle, is near 5% and for 14-and 29-day bands of solar¯ux variations is near 3% (Fig. 2) . The remaining 92% are due to the daily variation. An averaging over the whole solar cycle would bring us to the incorrect conclusion that the energy contribution of quasi-periodic oscillations from 2 to 35 days is negligible. Nevertheless, the annual and solar cycle variations of the percent contributions (Figs. 4, 5 and Table 2) show an important energy contribution by these quasi-periodic oscillations to the f o F2 variability: 1. A clear annual variation of percent contributions for all quasi-periodic bands from 2 to 35 days with minimum at the winter solstice and maximum at the summer is observed and vice versa for contributions of daily variations; 2. The contributions are modulated by the solar cycle and simultaneously in¯uenced by the long-term geomagnetic activity variations.
3. The energy contributions for the quasi-periodic bands from 2 to 35 days increase when the latitude increases, and the reverse happens for the contributions of daily variations.
4. The main result obtained here suggests that the energy contributions of the planetary wave-type oscillations dominate over those of the solar¯ux variations for the whole investigated period (1976±1986) and latitude range (42°N ± 60°N) . The f o F2 energy due to the planetary wave activity can reach up to 45% (for summer solstice of 1980, Uppsala) of the total energy in the periodic range from 2 h to 35 days. The present investigation is not able to specify the importance of the proposed mechanisms, brie¯y summarized in the Introduction, concerned with beginning and development of the quasi-periodic oscillations in the upper ionosphere due to planetary wave activity in the middle neutral atmosphere.
A follow-up project to this investigation will be the use of a global data base and to move in the direction of predictive ionospheric capability. 
